Abstract The current resolution of the NIKA2 260 GHz arrays is limited by the 1.6×1.5 mm 2 inductor size on the individual pixels. In view of future updates of the instrument, we have developed a prototype array with smaller pixels that is experimentally compared to the current pixel design. In-lab we find an increase of the angular resolution of 8 %, promising an on-sky FWHM resolution of 10.2 using this new pixel design.
Big pixel array
Small pixel array Fig. 1 Left two panels are microscopic images of the current NIKA2 260 GHz design and our small pixel design. The red bars indicate 1 mm. Right panel shows the calculated resolution as a function of inductor size, for 27.5 m (unvignetted part of the primary mirror defined by the cold pupil) and 30 m (full illumination of the primary mirror) effective telescope apertures.
Array Design
The resolution of a detector is determined by the size of the effective beam resulting from the convolution of the diffraction pattern, created by the instrument optics, with the pixel transfer function. LEKIDs are intrinsically multi-mode detectors where the sensitive area is situated on the inductors which are also radiation absorbers. There are two ways to improve the resolution of a multimode pixel. One is to increase the Fλ by revising instrument optics; the other is to decrease the pixel size. Since λ is the observation wavelength, a constant in design, increasing Fλ results in a large f-number F which would need an increase of the focal plane size. To predict the resolution by changing pixel size, first we calculate the convolution of the telescope Airy pattern and the pixel response function which is assumed as to be a square of the size of the inductor. Secondly, the resolution is fitted from the convoluted result with a Gaussian function. The results are shown in Fig. 1 . Unlike horned detectors for which the illumination of the primary mirror is apodized, bare pixel arrays require the use of a cold pupil vignetting the edge of the primary mirror in order to minimize spill over from a warm background (diffraction on the mirror edge). For the current NIKA2 optics, the effective aperture size, 30 m, is decreased by the cold pupil to 27.5 m which gives Fλ = 1.77 mm. For the prototype design, we decrease the inductor size from 1.6 mm to 1 mm. With this small pixel design, theoretically a 9.4 FWHM angular resolution is expected, which is close to the diffraction limit 8.9 FWHM, as shown in Fig. 1 . This resolution actually is achieved at the band center frequency of 260 GHz (1.15 mm wavelength) and the actually achieved resolution will be decreased by the long wavelength part in the band. Decreasing the pixel size also decreases the effective area if the pixel number is constant. To keep full focal plane coverage, a doubled number of pixels is necessary while decreasing the pitch distance from 2 mm to 1.4 mm. For the future development of NIKA2 system, an increased readout bandwidth with 1000 MHz is under development.
For the new pixel design we kept the order 3 Hilbert inductor design [10] . The inductor width is scaled from 4 µm to 2.5 µm for keeping the same effective sheet impedance of the inductor part while decreasing inductor length. With the same film thickness, the inductor volume of the small pixels is 40 % of that of the big pixels. The Al film is assumed to be 20 nm thick with T c = 1.4 K, L s = 2 pH, and R s = 1.6 Ω. with simulations in Sonnet [11, 12] . The coupling quality factor Q c to the 120 µm width microstrip feedline is designed from 1.3 × 10 4 to 1.6 × 10 4 to match the internal quality factor under typical background illumination at the IRAM 30-m telescope.
The focal plane layout of bare LEKIDs is mainly limited by the microwave crosstalk caused by the electromagnetic coupling between nearby resonances [13] . This crosstalk is quantified as the difference between single LEKID resonance frequency and the resonance frequency of the same LEKID simulated together with another LEKID in a specific configuration shown in Fig. 2 . Three highest crosstalk configurations are simulated to find a most compact layout for this small pixel. Beyond a knee of 20 kHz shift of the intrinsic resonances the crosstalk becomes significant and increases extremely fast with decreasing distance between neighbor pixels. Has seen in our simulation (Fig. 2 ) to get as close as possible to this knee the pitch between pixels along readout line Dx is set to 1.4 mm and pitch between two readout lines 2 × Dy is set to 2 × 1.4 mm. To decrease the effective surface occupied by the readout line, pixels are placed on both sides of the feedline, in contrast with the pixel design currently deployed in NIKA2. This design causes the crosstalk to become significant when the two resonances are too close to each other either in frequency or spatially. To minimize this crosstalk, we tune the frequency difference of two opposite pixels to the maximum frequency separation, 250 MHz for 500 MHz readout bandwidth. This decreases the crosstalk to a constant 35 kHz offset for both resonances.
Measurements

Fabrication
For this study, we have produced two arrays in the IRAM cleanroom. To allow a thorough comparison, the arrays were produced using exactly the same fabrication procedure. First, wire grid polarizer cold pupil two arrays 50 K "sky" Distance to window: 0.6 m cryostat x y 300 K "planet" correction lens Fig. 3 Optical setup of the experiment. The sky simulator is located 0.6 m away from the cryostat window and the planet is scanned in the plane parallel to this window. Inside the cryostat two arrays are mounted on the 70 mK stage. The incident signal is split by a wire grid polarizer, and both arrays are oriented identically with respect to the incident polarization. With this setup, the image size of the planet on the two arrays is the same as the image size of a point source on the focal plane of NIKA2 at the IRAM 30-m telescope. a layer of 20 nm Al film is deposited onto a high-resistivity (> 5 kΩ cm) 250 µm thick silicon substrate using electron-beam evaporation. On the backside of the substrate, a layer of 200 nm Al film is deposited as a backshort using DC magnetron sputtering. This thick backshort is designed to reflect incident wave losslessly by impedance mismatch. Contact lithography is used for front-side Al, followed by wet etching to pattern the design in the Al film.
Optical measurements
A sky simulator and cold optics setup with F = 1.48 are used to characterize the angular resolutions of both designs, shown in Fig. 3 . The sky simulator consists of a high temperature point like source mounted in front of a low temperature background plate. The point like source is a 4 mm diameter metal ball (planet) at 300 K, which is mounted with a transparent thin nylon line. The planet is placed at a distance of 60 cm to the entrance window of the cryostat containing the optics and the detectors, and a 50 K blackbody is behind the planet acting as a sky background. The two detector arrays are mounted on the 70 mK stage of the cryostat (which uses a 3 He- 4 He dilution fridge), in the focal plane of the optics after a polarizer, which allows us to measure both arrays simultaneously, and reduces measurement errors induced by the setup. The 260 GHz band is defined by a 10.15 cm −1 low pass filter and a 5.65 cm −1 high pass filter 1 and the incident polarization directions are parallel to the capacitor fingers for both arrays to maximize the optical absorption. With this setup, the image size of the planet on focal plane is the same as the image size of a point source on the 30-m telescope focal plane.
During the measurements, the x-y table moves the planet along the y-axis, as shown in Fig. 3 , to perform a single scan. By changing the x-position of the planet after each scan, a complete mapping of the arrays is performed. The frequency responses of LEKIDs are measured with a NIKEL readout system [14] which is also used in the NIKA2 instrument.
Results and Discussion
Two array mappings, shown in Fig. 4 , are generated by combining all pixel responses together. The big pixel array has 25 pixels in design, of which 19 are mapped. The missing The coordinates of the planet in the sky simulator are transferred to an on-sky angle by measuring the observed distance between two adjacent pixels and using the focal-plane-tosky factor of 4.875 mm −1 for NIKA2 at the 30-m telescope. This calibration is not perfect, but the ratio between the resolutions of the two arrays is not affected by eventual errors in this calculation.
We used a 1-D Gaussian to fit the individual images of the planet, as shown in Fig. 4 . This fit yields an average resolution of 9.8 ± 0.2 and 10.5 ± 0.4 for the small and big pixels, respectively, as illustrated in the histogram in Fig. 4 . The large spread in the big pixel resolution is attributed to the limited number of 19 samples, and several outliers attributed to stray light reflected from the sample holder. The found increase of resolution of a factor 1.08 ± 0.05 is consistent with the expected resolution increase of a factor 1.10. With the factor 1.08, we expect to achieve a resolution on sky of 10.2 compared to the current value of 10.9 .
In Fig. 4 , the nylon line, a point source, is transparent for big pixel design but our small pixels are quite sensitive to it, because of the 60 % decrease in inductor volume. The final responsivity, shown in Table 1 is extracted by the amplitude of the Gaussian fit showing the intensity of each response of the planet. The relative responsivity could be estimated with 
where α is the kinetic inductance ratio, Q is the loaded quality factor and V is the inductor volume [15] . In our case, the inductor volumes are 449 µm 3 and 1149 µm 3 and the loaded quality factors are about 8400 and 12500 for small and large pixel, respectively. Assuming the same kinetic inductance ratio, a factor of 1.7 is derived compared to the observed factor 2. The responsivities of pixels have a 25 % non-uniformity on both arrays, which is currently under investigation but attributed to the optical setup. For both two arrays in this measurement, there is no obvious difference in noise spectrum at frequencies larger than 1 Hz, suggesting an improvement by a factor 2 of sensitivity using the new pixel design. Table 1 summarizes the results obtained in this study. We have successfully designed and characterized a compact pixel prototype for the 260 GHz band of the NIKA2 instrument, that is expected to decrease the on-sky resolution from the actual 10.9 to 10.2 , while doubling the expected sensitivity. This design can be used to fill the complete 6.5 field of view of the NIKA2 camera once the bandwidth of the readout electronics is increased as planned.
Conclusion
